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Abstract. We have carried out '®In nuclear quadrupole resonance (NQR) measurements in CeRhlns.
At ambient pressure, CeRhlns undergoes an antiferromagnetic AF phase transition at T = 3.8 K. The
H15Tn NQR spectrum has shown the appearance of a small internal field in the direction perpendicular
to the tetragonal c-axis. With application of a hydrostatic pressure, the AF state is suppressed and the
superconductivity appears just above the critical pressure (P = 17 kbar). The nuclear spin lattice relaxation
rate 1/Ty of **5In measured at P = 27 kbar indicates the occurrence of the superconductivity in the nearly
AF region. In the superconducting state, 1/7 has no Hebel-Slichter coherence peak just below Tt of 2 K and
has a power law T-dependence (TS) down to 300 mK. This is consistent with anisotropic superconductivity,
with line nodes in the superconducting energy gap: non-s-wave superconductivity occurs in CeRhlIns.

PACS. 74.20.Mn Nonconventional mechanisms (spin fluctuations, polarons and bipolarons, resonating
valence bond model, anyon mechanism, marginal Fermi liquid, Luttinger liquid, etc.) — 71.27.4-a Strongly
correlated electron systems; heavy fermions — 76.60.Gv Quadrupole resonance

1 Introduction

The relation between magnetism and superconductivity
is an important theme of heavy fermion system. Several
years ago, CeCuySiy [1] and CeCuaGey (at high pres-
sures) [2] were the only superconducting members of the
4 f-heavy fermion metals. Since 1995, however, CePd,Sis
[3,4], CeRhySiz [5] Celng [6] and CeNiyGes [7] have all
been shown to be superconducting under pressure P. Ex-
cept for CeCusSiz, these compounds have an antiferro-
magnetic AF ground state at ambient pressure. The su-
perconductivity located near the AF state has become one
of the fundamental issues in condensed matter physics.
Analogy with the high T, cuprate superconductors sug-
gests that the d-wave superconductivity mediated via AF
spin fluctuations is realized in these compounds.
Recently, CeRhIng, which has the tetragonal HoCoGas
structure and can be viewed as alternating layers of
Celng and Rhlns stacked sequentially along the tetrag-
onal c-axis, has been discovered [8]. At ambient pressure,
the ground state is antiferromagnetic with a Néel tem-
perature, Ty, of 3.8 K. Application of a hydrostatic pres-
sure of about 17 kbar induces a first-order-like transition
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to the superconducting state with the critical tempera-
ture T of 2.2 K, which is the highest among the pressure
induced heavy fermion superconductors. The supercon-
ductivity occurred in the relatively low P and high T
region in CeRhlns, which is suitable for microscopic
measurements.

Nuclear magnetic resonance (NMR) and nuclear
quadrupole resonance (NQR) are powerful methods for
the study of magnetism and superconductivity, i.e., the
spectrum and the nuclear spin lattice relaxation rate,
1/T1, provide valuable information on the magnetic struc-
ture, the fluctuations of the moments and also the super-
conducting energy gap. There are two non-equivalent In
sites in CeRhlns. One site is located in the Ce-In plane.
This In site is surrounded by Ce ions and has a symme-
try which is invariant under fourfold rotation (we here-
after referred to as site A in this paper). The other site
is surrounded by Ce and Rh ions and has lower crystal
symmetry (referred to as site B). Due to the non-cubic
environment, one expects a large electric field gradient
for both In sites, which is favorable for observing distinct
NQR lines. In this paper, we report the study of '°In
NQR in CeRhlIns at ambient pressure and at the pressure
of 27 kbar.
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2 Experiment

The NQR measurements were performed using a phase-
coherent pulsed NMR/NQR spectrometer in the reso-
nance frequency range between 5-90 MHz. The value of T}
was obtained by the recovery of the nuclear magnetization
after a saturation pulse. The measurements above 1.3 K
were performed using a *He cryostat, and below 1.3 K
with a *He-*He dilution refrigerator (P = 27 kbar) and a
3He cryostat (ambient pressure). Polycrystalline CeRhIng
was synthesized by arc melting, subsequently annealing at
650 °C for a week, and then crushed into coarse powder
with a diameter larger than 100 pum for the NQR measure-
ment. The pressure up to 27 kbar was applied by a conven-
tional BeCu/maraging steel piston and cylinder cells, filled
with a mixture of Fluorinert 70 and 77. The magnitude
of the pressure was determined by the superconducting
transition of Sn [9].

3 Results and discussion
3.1 NQR spectrum

The onset temperature of the superconductivity in
CeRhIns measured by AC susceptibility does not change
for P values from 17 kbar to 27 kbar. The transition is
broad at 17 kbar and its width decreases rapidly with
increasing P. The observed P-dependence of the super-
conductivity in CeRhlnjs is different from that of Celns
in which a very narrow superconducting P-region exists.
Hence we performed '°In NQR at 27 kbar for the study
of superconductivity.

Figure la shows the '®In NQR spectrum in the para-
magnetic state (T' = 4.2 K) obtained at ambient pressure.
The spectrum consists of 8 narrow lines. The spectrum
could be assigned as the signals arising from two In sites.
The electric quadrupole - Hamiltonian is written as

e?qQ

e = a1

BI2—I(I+1) +3(I*? +17)].

Here (Q represents the nuclear quadrupole moment, the
electric-field gradients are contained in eq and the asym-
metric parameter 7, defined as eq = V.., and nn = (Vp —
Viyy)/Vzz. Conventionally, V.. has the largest magnitude,
and V., and V,,,, are chosen so that 0 <7 < 1. For I=9/2
(115In), the four “allowed” transitions would be observed
when 7 is small.

A set of lines observed at 6.8, 13.5, 20.4 and 27.1 MHz
are equally separated, which represents n = 0. The sig-
nals arise from the site A (In atoms in Ce-In plane)
which has axial electric field gradient. From the crystal
structure, it is evident that the direction of the elec-
tric field gradient V., is in the tetragonal c-axis. The
magnitude of the electric field gradient was found to
be €2¢Q/h = 163 MHz. The other signals observed at
30.8, 34.2, 47.9 and 65.6 MHz could be assigned to be
e2qQ/h = 400 MHz and 7 = 0.45. The associated “for-
bidden” transition (|Am| > 1), which exists in the case
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Fig. 1. 15In NQR spectra obtained in paramagnetic state (a)
and AF state (b). The closed circles represent the signals from
site A, and open circles represent those from site B. Internal
field with the magnitude of 1.8 kOe splits the lower frequency
lines from site A. Calculated resonance frequencies are shown
by arrows.

of finite 7, was not visible. These signals arise from site
B (1°In surrounded by Ce and Rh ions). Since symme-
try of the electric field gradient in this site is lower than
uniaxal, the principal axes of the electric field gradient
tensor could not be determined only from NQR, but also
the NMR measurement using a single crystal would be re-
quired. The system undergoes an AF phase transition at
Tx = 3.8 K. Figure 1b shows the spectrum in the AF state
(T = 1.3 K). For the signals from site A, the higher fre-
quency resonance lines at 20 and 27 MHz remain nearly at
the same frequencies, however, the lower frequency lines
split and broaden. This change reflects the appearance of
a small internal field Hj,; with the direction perpendicular
to V,,. The internal field with the magnitude of 1.8 kQOe
explains the approximate peak position of the broadened
lines, as shown by arrows in Figure 1b. The broadening
of lines could be explained by an inhomogeneous distri-
bution of Hi, of about 10%. As the direction of V,, is
the c-axis for site A, this spectrum indicates that Hi,g is
parallel to the Ce-In plane. Such an internal field is in-
duced by the Ce moments oriented perpendicular to the
c-axis. The spectrum from the site B has a larger change
in the AF state than that from site A, and only the highest
frequency resonance line remains at the same frequency.
The analysis of the spectrum is not simple, and requires
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Table 1. b-coefficients for two different NQR transitions for
n = 0 and 0.45, respectively.

n transition b1 ba bs bs

0 :|:3/2 — :|:5/2 0.0303 0.1399 0.0242 0.8056
:|:7/2 — :|:9/2 0.1212 0.5594 0.2970 0.0224

0.45 :|:3/2 — :|:5/2 0.0265 0.0439 0.0961 0.836
:|:7/2 — :|:9/2 0.1104 0.3694 0.4322 0.0880

information about the magnetic structure obtained from
the neutron diffraction experiments, which has not been
reported yet.

3.2 1/T; at ambient pressure

The nuclear spin-lattice relaxation rate was measured for
both sites. For site A, the analysis is strict due to the
axial symmetry of the electric field gradient. The expected
functional form for m(t) for spin I = 9/2, is a sum of four
exponents with the coefficients determined by the initial
conditions [10]. The function m(¢) thus contains only two
fitting parameters, 1/7 and numerical factor C, and is
given by

1= % =C [bl exp (;—i) + by exp (%)

+bse 2 +bse 30
3 €Xp T, 4 €XP T, .

In the course of our work we studied two different
quadrupolar transitions +3/2 < +5/2 (13.5 MHz) and
+7/2 < £9/2 (27 MHz). For these cases, the b-coefficients
are given in Table 1. For site B, the analysis is complicated
due to the non-axial electric field gradient. The exten-
sion to the finite ) case has been performed, which shows
the relaxation function changes with 7 [11]. When the re-
laxation occurs via an isotropic hyperfine coupling (such
as Fermi-contact or core-polarization interaction) and the
spin fluctuations are isotropic, the function form of m(t)
m(t)

for n = 0.45 is expressed as,
3t 8.57t
m(oo) C[lexp< T1>Jr Qexp( Ty )

baox ( 16.65t) 4 by ex <30.02t>}
3 €Xp Tl 4 €XP Tl )

where respective b-coeflicients are also given in Table 1. In
NQR, resonance frequency and relaxation function change
smoothly with . In this paper, the £3/2 < £+5/2 transi-
tion for finite 7 just means that the transition corresponds
to £3/2 < £5/2 transition for n = 0. We performed the
analysis of the recovery curve with the above equations for
site B, and obtained good fittings to the recovery curve.
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Fig. 2. Temperature dependence of 1/77 at ambient pressure.
The crossover from heavy fermion state to incoherent Kondo
state occurs around Tk of 80 K. The solid lines have slopes of
1/2 and 1, which are guides to the eye for the T-dependence
Of 1 / T1 .

The T-dependence of 1/T; for sites A and B obtained
at ambient pressure is shown in Figure 2. The solid and
open circles indicate the values measured at 13.5 MHz
and 27 MHz for site A, and the solid and open diamonds
indicate the values obtained at 30 MHz and 65 MHz for
site B, respectively. In the paramagnetic state, there is no
T-region, in which 1/T} varies in proportion to T', as ex-
pected in the Fermi liquid state. 1/7) varies nearly VT
up to 70-80 K for site B. Around Tx = 3.8 K, 1/T} is
markedly enhanced with a distinct peak, reflecting a criti-
cal slowing down of the fluctuations of Ce moments at Ty.
The T-dependence of 1/T; for site B is well explained by
the theory developed for the electronic states around the
antiferromagnetic instabilities [12,13]. The enhancement
is larger in site B than that in site A at Tyx. Due to the
form factor of hyperfine coupling to the neighboring Ce
spins, the critical phenomenon at Ty is suppressed at site
A. With decreasing T below T, 1/T; decreases rapidly for
both sites, and approaches a 71T = const. law below 1 K
(site A). Above 80 K, 1/T} becomes T-independent up to
300 K, indicating that a crossover occurs from the heavy
fermion state at low T to the incoherent Kondo scattering
state at high T.

3.3 1/T; at high pressure

Figure 3 shows 1/77 measured under high pressure. At
27 kbar, AF order disappears and 1/77 in the paramag-
netic state is also strongly suppressed from the value at
ambient pressure for both sites. However, 1/T; still varies
proportionally to /7. This result indicates that the sys-
tem remains in a nearly AF state in which the supercon-
ductivity appears. For site A, 1/T} was measured down to
0.3 K. 1/T; is markedly reduced below 2.0 K. The value
of T, obtained from 1/T} is slightly lower than the value
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Fig. 3. Temperature dependence of 1/77 at P = 27 kbar. The
solid lines have slopes of 1/2 and 3, respectively.

measured by AC susceptibility. As '*°In NQR measure-
ment was performed in coarse powder, T, might be re-
duced slightly by the defects induced by sample prepa-
ration. There is no Hebel-Slichter coherence peak just
below T., and 1/7} varies in proportion to T at very
low temperatures, which is reminiscent of the relaxation
behavior in heavy fermion superconductors reported so
far [14]. The behavior of 1/T} in the superconducting state
of CeRhlns provides an evidence for an unconventional
nature of the superconductivity. The result shows that
the gap is anisotropic suggesting non-s-wave (probably
d-wave) superconductivity being realized in this system
owing to a strong on-site repulsion. If we try to calculate
T} tentatively assuming A = Agcos @ with 2A¢(T =0) =
8 kpT., experimental values are reproduced well as plotted
by dotted line in Figure 3 (1/7} is well interpreted by an
anisotropic energy gap model with gap zeros on the lines
at the Fermi surface).
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4 Summary

We determined from ''°In NQR that the AF state in
CeRhlns was located close to the non-magnetic bound-
ary. Above the critical P, 1/T7 has no enhancement just
below T, and a T° dependence at low temperature, which
provides evidence for an unconventional nature of the su-
perconductivity.

This work was supported by a grant-in-aid from the Ministry
of Education, Science and Culture of Japan.
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